During internal defibrillation, potential gradients greater than 100 V/cm occur near defibrillation electrodes. Such strong fields may cause deleterious effects, including arrhythmias. This study determined 1) the effects of such strong fields on the propagation of activation and 2) whether these effects were different for monophasic and biphasic shocks. Voltages and potential gradients during the shock, as well as activation sequences before and after the shock, were mapped from 117 epicardial electrodes placed over a 3 x3-cm area on the right ventricle in six dogs. Pacing at a cycle length of 350 msec was given from a long narrow electrode on the right side of the mapped area to generate parallel activation isochrones. A monophasic shock, 10 msec in duration, or a biphasic shock with both phases 5 msec in duration was delivered 300 msec after the last paced stimulus via a mesh electrode on the left side of the mapped area as the cathode, with the anode on the right atrium. Shocks of 70-850 V were given, and the potential gradient and current density at each recording electrode were calculated from the measured potentials and fiber orientation by using a finite element method. Pacing was resumed 200 msec after the shock, and activation sequences were mapped for up to 5 minutes. Potential gradients ranged from 1 to 189 V/cm with high fields on the left side and low fields on the right side of the mapped area. Where the potential gradient was weak, the first activation sequence after the shock was similar to that before the shock, but activation blocked without conducting into areas where the gradient was greater than 64±4 (mean±tSD) V/cm for monophasic and greater than 71±6 V/cm for biphasic shocks. These values are significantly different (p<0.003). The higher the potential gradient, the longer was the duration of block before conduction returned. Block duration, however, was generally shorter for biphasic than for monophasic waveforms of the same field strength. In conclusion, conduction block can follow either waveform, but biphasic waveforms cause less block than monophasic waveforms. This effect may partially explain the increased defibrillation efficacy of biphasic shocks.
D uring internal defibrillation, the shock field, which can be expressed in terms of potential gradient or current density, is highly uneven with values almost 20 times greater near the defibrillation electrodes than in areas of the ventricles far from the electrodes.1'2 For monophasic shocks sufficiently strong to defibrillate, potential gradients of more than 100 V/cm are generated near the electrodes, which is much stronger than necessary in that region, since only approximately 6 V/cm is needed to defibrillate with a typical monophasic waveform. 23 Jones et a14 reported that large defibrillation-type shocks cause prolonged depolarization of the myocardial cell membrane and postshock arrest of contractile activity in cultured myocardial cells. These strong shocks may cause functionally deleterious effects on the myocardium,9-12induce tachyarrhythmias,13-21 create atrioventricular block or bradycardias, '15-18,21-25 and possibly cause the shock to fail to defibrillate. Fogelson et a126 and Levine et a127 reported suppression of the action potential by strong shock fields in myocardial tissue preparations. However, the induction of electrophysiological abnormalities by strong shocks has not been documented by direct recordings of myocardial activation and of the shock field from the intact heart, and the electric field strengths at which these dele-terious electrical effects occur have not been determined in vivo. Some biphasic shocks, in which waveform polarity is reversed during the shock, defibrillate at lower voltage, current, and energy than monophasic shocks of the same duration. 19, 24, [28] [29] [30] Biphasic shocks cause less functional derangement than monophasic shocks in the heart in vivo17,2425,28 as well as in cultured myocardial cells,8 raising the possibility that the less deleterious effect of the biphasic waveform is partially responsible for its increased defibrillation efficacy.7'8 The amount of functional derangement is thought to be a function of the shock strength and the amount of undershoot of the second phase of the biphasic waveform. 8 The decreased harmful effects of the biphasic waveform have not been substantiated by direct measurement of activation sequences and shock fields in the intact heart.
Therefore, the purposes of this study were 1) to measure the potential gradient and current density distributions created by large shocks, 2) to determine the effects of these high field strengths on activation in the heart in situ, and 3) to compare these effects for monophasic waveforms and for biphasic waveforms with different amounts of undershoot. These goals were accomplished by recording the activation sequences during paced rhythm immediately before and after a large shock as well as the potential distributions created in the tissue by the shock itself.
Materials and Methods Surgical Preparation
Six mongrel dogs (weight 25.8±3.1 kg, mean±SD) were anesthetized with sodium pentobarbital (30) (31) (32) (33) (34) (35) mg/kg body wt). 31 Pentobarbital infusion was continued at a rate of approximately 0.05 mg/kg/min throughout the experiment, adjusted according to the depth of anesthesia assessed by eyelid and pedal reflexes and shivering. 31 Succinylcholine chloride (1 mg/kg body wt) was given to decrease muscular contractions induced by the electrical shocks. The dogs were ventilated with 30-60% oxygen through a Harvard respirator (Harvard Apparatus, South Natick, Massachusetts). Systemic blood pressure was continuously monitored through a femoral arterial line. Normal metabolic status was maintained throughout the study by correcting abnormal electrolyte and blood gas parameters as indicated by blood samples taken every 30-60 minutes.
The chest was opened through a median sternotomy, and the heart was suspended in a pericardial cradle. The sinus node was crushed to allow the pacing protocol to be performed at a relatively slow rate. A plaque containing 117 bipolar recording electrodes was sutured to the epicardium of the anterior basal right ventricle. A long, narrow mesh electrode (48x3 mm) was sutured to the epicardial surface parallel to and about 8 mm from the right atrial side of the recording electrode array (Figure 1) for delivering pacing stimuli that caused parallel S FIGURE 1. Expetimental preparation. The plaque recording array containing 117 bipolar electrodes (indicated by small circles in 9 rows and 13 columns) was sutured on the basal part ofthe anterior right ventricle. P, pacing electrode; S, shock electrodes.
activation isochrones across the mapped area from the atrial side to the left ventricular side. A long, rectangular titanium mesh electrode (45 x 9 mm) was sutured to the epicardium parallel to and within 5 mm of the left ventricular side of the electrode array and was used as the cathode for delivering shocks. A round titanium mesh electrode, 25 mm in diameter, was sutured to the right atrium as the anode for delivering shocks.
Recording Electrodes
The 117 gold-plated recording electrodes on the plaque formed 13 columns and 9 rows that covered a 30x30-mm area. The distance between each bipolar electrode was 3.81 mm between rows and 2.54 mm between columns. The distance between the two contacts of each bipolar electrode was 1.27 mm. Each contact of the electrode was 0.21 mm2. Surface ECG leads I, II, and III were also recorded.
A computer-assisted mapping system, capable of simultaneously recording from 128 channels, was used to record both the shock potentials and the extracellular cardiac potentials continuously. The signals were recorded digitally at a rate of 1,000 samples/sec. The activations were recorded with the low-and high-pass filters set at 500 and 5 Hz, respectively.32 We used a relatively high value for the high-pass filter to shorten any possible postshock saturation. Gain settings were individually optimized for each level of shock and for cardiac activation.
During the shock or pacing stimulus, the gains were automatically switched to lower values to prevent amplifier saturation. A 1,000: 1 high impedance potential attenuator was switched in front of each channel 20 msec before the shock, and each amplifier gain was switched to a proper level for recording the potential field of the shock. While recording the shock, the bandwidth of all amplifiers was 0 to 500 Hz. Then, 20 msec after the end of the shock, the attenuators were switched off and the amplifiers returned to the settings for recording cardiac electrograms.33 This allowed the detection of activation complexes shortly after the end of high current shocks.
During the shock, one of the two contacts of each bipolar electrode was used for unipolar recording with the left leg as reference. The data were stored on videotape for offline analysis,34 and the recordings from each channel were subsequently displayed on a Sun 3/50 graphics terminal (Sun, Microsystems, Mountain View, California) for measurement of potential distributions and selection of activation times. Activation times were selected by using an automatic activation detector35 with subsequent manual correction.
Potential Gradient and Current Density
After the end of the study, the heart was removed and fixed in 10% formalin. A histologic section was taken parallel to and as near the epicardium as possible and stained with hematoxylin and eosin. Fiber orientation of the tissue under the plaque electrode was determined microscopically. The potential at each electrode was measured 4 msec after the initiation of the shock. The total magnitude of the potential gradient and current density were calculated at each electrode site except for those sites at the border of the plaque which were not included because the absence of neighboring electrodes on all sides decreased the accuracy of the calculation. Potential gradient and current density were calculated based on finite element formulations3637 from the measured potentials and the spatial coordinates of each electrode and its neighboring electrodes, as well as from the fiber orientation. For the current density calculations, conductivity was assumed to be 7.565 kfl 1'cm-1 along myocardial fibers and 2.525 kfl-cm-1 across fibers. 36 
Waveform
Both monophasic and biphasic waveforms were tested. A truncated, exponential waveform was delivered from an external defibrillator with a 150-gF capacitor (Ventritex, HVS-02, Sunnyvale, California). In Part 1 of the study (Figure 2 ), the monophasic waveform was 10 msec in duration. For the biphasic waveform, the duration of both phases was 5 msec, and the polarity of the second phase was inverted with respect to the first phase. The leading edge voltage of the second phase was set equal to the trailing edge voltage of the first phase to make the waveform comparable to that from a one-capacitor defibrillator.38 Thus, the total duration and energy of the monophasic and biphasic waveforms were the same. The amplitude of the second phase of the biphasic waveform was approximately 75% of the amplitude of the first phase. There was a 0.24-msec quiescent period between the phases of the biphasic waveform because of switching between the two defibrillator outputs. In Part II of the study ( Figure  3 ), the effect of a second phase only 10% of the first phase was measured.8 Biphasic waveforms with both phases 5 msec in duration with the leading edge voltage of the second phase 10% of the leading edge voltage of the first phase were compared with a monophasic waveform 5 msec in duration. Biphasic waveforms were tested with the second phase positive as well as negative. The output of the defibrillator was monitored by a waveform analyzer (Data Precision, Analogic, Danvers, Massachusetts) to determine the voltage, current, and energy of the shock and the impedance of the heart.
Study Protocol
The heart was paced at a coupling interval of 350 msec with the long, narrow electrode on the atrial side of the plaque (Figure 1 ) as the cathode and an electrode on the chest wall as the anode, using a 10-18-mA constant current source. Relatively high current was used for pacing due to a larger than usual contact area of the pacing electrode. After verification of stable activation fronts parallel to and spreading from the atrial side toward the left ventricular side of the plaque, the pacing/shock protocols (Figure 4) were performed. For each measurement, a shock was delivered through the mesh electrode on the left ventricular side of the plaque as a cathode and the anode on the right atrium ( Figure 1 ) 300 msec after a train of 10 pacing stimuli. Pacing was resumed 200 msec after the initiation of the shock and was maintained for 5 minutes, again with a coupling interval of 350 msec. In Part I of the study, the leading edge voltages of the monophasic and biphasic waveforms were 70, 100, 200, 400, 600, 800, and 850 V, although in two dogs, the 850 -V shock was not delivered because it exceeded the 50-J limit of the defibrillator. The shocks were given in ascending order of leading edge voltage. The monophasic and biphasic shocks were delivered alternately, and the waveform given first was alternated for each dog.
In Part II, we did not deliver the six or seven levels of shocks given in Part I to minimize possible cumulative effects of many large shocks. Instead, a level of the shock was selected that caused conduction block in almost half of the recording electrodes during Part I of the study. At that level of strength the three waveforms (i.e., 5-msec monophasic, biphasic with 10% negative second phase, and biphasic with 10% positive second phase) were delivered in random order. An interval of at least 5 minutes was allowed between shocks to avoid altering ventricular excitability. 39 Activations were identified, and isochronal maps were drawn for the last two cycles before the shock and for the first three postshock cycles (corresponding to pacing stimuli delivered 0.20, 0.55, and 0.90 seconds after the shock). Activations were selected, and maps were also drawn for individual cycles at 2, 5, 10, and 15 seconds after the shock, and for cycles every 15 seconds thereafter until all electrode sites again recorded activations. The number of recording electrodes registering conduction or block for the first cycle after the shock was plotted as functions of potential gradient and current density at that electrode. Individual plots for monophasic and biphasic waveforms were made for each dog.
In order to determine the value of gradient or current density that was the best predictor of whether tissue at an electrode could conduct or was blocked as a result of a shock, receiver operating characteristic (ROC) curves40 were constructed. In an ROC curve, the sensitivity (probability of a true positive or, in this case, probability of a true conduction) is plotted against the specificity (probability of a true negative or true block) as the value of the variable of interest separating the positives and negatives is varied. In this study, a true conduction occurred at an electrode site that conducted activity and for which the gradient or current density was less than the threshold. A true block meant that the conduction was blocked and that the value of the variable of interest was greater than the threshold. The best value of potential gradient and current density discriminating between conduction and block was determined as the point on the curve closest to the right upper corner.
For each time period analyzed after the shock, those electrode sites were identified at which conduction blocked during the first postshock cycle and at which activation was first noted to have recovered by that time period. The means and standard deviations of the potential gradient and current density were calculated for these electrode sites at each time period to see if the duration of block was related to the strength of the shock field.
Statistical Analyses
Data are presented as mean + SD, and statistical significance was determined by analysis of variance41 to compare three or more groups or by paired t test to compare two groups with the critical level for significance set at 0.05.
Results
A total of 98 shocks and 690 activation sequences were analyzed. In Part I, 80 shocks were given, 40 each of the monophasic and biphasic waveforms ( Figure 2 ). In Part II, 18 shocks were given, 6 each of the three waveforms ( Figure 3 ). Ventricular fibrillation was not induced by any of the shocks. Epicardial fiber orientation was fairly constant from animal to animal (48±+4°with respect to the horizontal axis of the plaque). Conduction Block Caused by Monophasic and Biphasic Waveforms (Part I) Figure 5 shows representative recordings of the last pacing stimulus before the shock and the first three pacing stimuli after the shock. The 850-V monophasic shock did not affect the activations recorded from electrode A. However, no activations were recorded for the first two postshock cycles in electrode B and for all three postshock cycles in electrode C. Figure 6 shows the activation sequences AJ B | c I FIGURE 5 . Electrograms from three selected electrodes (A, B, and C) for an 850-V monophasic shock. The third postshock cycle was spontaneous, occumng before the pacing stimulus. P, pacing artifacts; S, shock; arrows, activations; vertical bars, 10 mV The locations of these electrodes are shown in Figure 6A .
for the last pacing stimulus before the shock as well as for the first two cycles after the shock for this same example. Before the shock, activation propagated away from the long narrow pacing electrode on the atrial side of the plaque with parallel isochrones spreading across the mapped region toward the left ventricular side of the plaque ( Figure 6A ). In the first cycle after the shock, the activation sequence and conduction velocity in the portion of the plaque toward the right atrium were similar to those before the shock. However, no activation complexes were recorded in the portion of the plaque toward the left ventricle, indicating that activation blocked without conducting into that area ( Figure 6B ). In the second postshock cycle, activation complexes were recorded in seven electrodes near the middle of the plaque that did not record activations in the first postshock cycle, indicating that the second postshock cycle conducted further towards the left ventricular side of the mapped region ( Figure 6C ). Figure 7 shows the potential distribution measured for the same example as for Figures 5 and 6. The potential is highest at the left ventricular edge of the plaque, closest to the shocking electrode, and decreases toward the atrial side, away from the shocking electrode. The potential gradients calculated from the measured potentials are shown in Figure 8 , and the current densities in Figure 9 , on which are superimposed the border between the region of conduction and the region of block in the first cycle after the shock as shown in Figure 6B . Most potential gradients at the border were between 60 and 70 V/cm, and the current densities were between 300 and 400 mA/cm2.
Representative recordings for an 850-V biphasic shock in the same dog are shown in Figure 10 . Patterns of conduction or block resembled those for the monophasic shock except that an activation complex was recorded for the first and second postshock cycle in electrode B and the third postshock cycle in A B C 11 14 18 21 24 6 . Activation sequences for the preshock and first two postshock cycles shown in Figure 5 . The numbers refer to local activation times in milliseconds, referenced to the beginning of the stimulus. The interval between isochronal lines is 10 msec. Panel A: The last paced cycle before the 850-V shock. The circled numbers labeled A, B, and C designate the position of the three selected electrograms for which tracings are shown in Figure 5 . Panel B: The first paced cycle after the shock. Panel C: The second paced cycle after the shock. Conduction has retumed to a few ofthe sites that were blocked in panel B. P, pacing electrode; *, electrodes for which no activation was observed, so that conduction was considered to be blocked. electrode C. Figure 11 shows the activation sequences in the last cycle before the shock, and the first and second cycles after the shock, respectively, for the same biphasic shock as in Figure 10 . The activation sequences and conduction velocities were similar to those for the monophasic shocks, except that, for both postshock cycles, the border of the region of conduc- tion block was shifted toward the left ventricular side of the mapped region. Thus, the region of conduction block was smaller for the 850-V biphasic shock than for the 850-V monophasic shock. For monophasic and biphasic shocks of 100, 200, 400, 600, 800, and 850 V in the same animal as for the previous examples, Figure 12 shows the potential gradient distribution upon which is superimposed the border of the region of conduction block for the first postshock cycle. As shock strength increased, the region of conduction block grew larger, but the region was usually smaller for the biphasic than the monophasic waveform. Figure 13 gives the number of electrodes that registered conduction or block in the first cycle after the shock, as a function of the potential gradient, along with the ROC curve generated from those data, when all monophasic shock levels were combined in this dog. The ROC curve was constructed by determining the ability of many levels of potential gradient (the abscissa in Figure 13 ) to discriminate between electrodes at which conduction was blocked and electrodes for which the wavefront was propagated. For each value of gradient, the probability of true conduction (sensitivity, or probability of a true positive) was plotted against the probability of true block (specificity, or probability of a true negative). A true conduction was a case where conduction was measured experimentally and the gradient was below the test value. Similarly, a true block was a case in which conduction was blocked, and the gradient was above the test value. As the gradient was varied, the ROC curve shown was determined. The best discrim-* 28 31 Figure 6B ). S, shocking electrode.
inator was taken as the gradient which produced a point on the ROC curve nearest the upper right corner, since that corner represents 100% sensitivity and 100% specificity. The same procedure was followed to determine the value of current density that was the best discriminator. The potential gradient that most effectively discriminated between conduction and block for this animal was 62 V/cm for the monophasic and 69 V/cm (not shown) for the biphasic waveform. The sensitivity and specificity were 97% and 97% for the monophasic shock and 98% and 97% for the biphasic shock. The best discriminators for current density were 309 and 371 mA/cm2 for monophasic and biphasic waveforms, respectively. Tables 1 and 2 summarize the potential gradients and current densities that were the best discriminators between conduction and block for the monophasic and biphasic wave shocks in each dog.
The mean of the best discriminator values for the potential gradient determined individually for each dog was 64±4 V/cm for monophasic shocks and 71+6 V/cm for biphasic shocks. These two gradients were significantly different (p<0.003). The best discriminator value of current density was 302±33 and 340±+47 mA/cm2 (p< 0.004). These discriminator values indicate that a higher value for potential gradient or current density is required to cause conduction block with biphasic than with monophasic shocks. 
Time Until Recovery From Block (Part I)
The mean gradient at electrode sites where activation blocked during the first postshock cycle but recovered by the second, that is, 0.55 seconds after the shock, was 75 ± 13 V/cm for monophasic and 80+ 12 V/cm for biphasic shocks (p=0.003). Current density was 391±88 and 427±t86 mA/cm2, respectively (p=0.002). The field strengths at the electrode sites at which activation recovered by the third postshock cycle, that is, 0.9 seconds after the shock, and at which activation recovered by 2, 5, 10, 15, and 30 seconds after the shock are summarized in Table 3   11 14 17 r0 24 29 32 36 40 44 49 51 55  10 13 16 20 25 32 37 404547 52 54   14 1822 25 30 34 37 t1 46 48 52 53   11 16 17\22 25 33 36 43 4   53   12 15 17 21 24 2 32 35 39 43 46 53 10 15 11 . Activation sequences for the preshock and first two postshock cycles shown in Figure 10 . The numbers refer to local activation times in milliseconds, referenced to the beginning of the stimulus. The interval between isochronal lines is 10 msec. Panel A: The last paced cycle before the 850-V shock. The circled numbers labeled A, B, and C designate the position of the three selected electrograms for which tracings are shown in Figure 10 . Panel B: Thefirstpaced cycle after the shock. Activation conducted farther than for the monophasic shock shown in Figure 6B . Panel C: The second paced cycle after the shock. Conduction has returned to a few of the sites that were blocked in panel B. Activation again conducted farther than for the monophasic shock shown in Figure 6C . P, pacing electrode; *, electrodes for which no activation was observed, so that conduction was considered to be blocked.
for all dogs combined. The higher the potential gradient or current density, the longer was the duration of block for both monophasic and biphasic shocks. For most time intervals, however, the mean field strength at sites where conduction returned was 400 V 850 V higher for the biphasic than for the monophasic shock. Although most of the first and second cycles were paced rhythms, for the third cycle, 16 of 40 cycles (40%) for the monophasic shock, and 15 of 40 cycles (38%) for the biphasic shock occurred spontaneously, just before the S1 stimulus, as shown in Figures 5 and 10 . At . Plots of the number of electrodes registering conduction (labeled at the left) or block (labeled at the right) as a function ofshock gradient from monophasic shocks in the same example as in Figure 12 . The two groups (indicated by the two types of hatching) are fairly well separated with some overlap (the cross-hatched region). The receiver operating characteristic (ROC) curve is shown in the upper right comer. The point that was chosen as the best discriminator is marked on the ROC curve as well as on the plot. 0 115 >130 Vlcm monophasic and 6 of 22 cycles (27%) for the biphasic shock occurred spontaneously. By 5 seconds after the shock, spontaneous beats were rare. The occurrence of spontaneous cycles was greater for higher voltage shocks; the correlation between the incidence of spontaneous cycles and the shock voltage was 0.94 (p=0.0016). The region of conduction block did not appear to differ for paced and spontaneous cycles. Figure 14 shows a spontaneous cycle followed by a paced cycle 5 seconds after an 800-V biphasic shock in the same dog as for previous examples. The spontaneous beat conducted away from the border of the block toward the atrial side with fast conduction, implying spread of activation from endocardium to epicardium and/or involvement of the specialized conduction system ( Figure 14A ). However, the area of block was almost identical to that of the following paced cycle except for one electrode (Figure 14B ). Activation first appeared at or near the border of the blocked region beneath the recording plaque in 8 of 71 of the spontaneous cycles that were mapped. The others arose outside the mapped region but also appeared to have a ventricular origin because they were not preceded by P waves in the ECG and the activation maps differed from those during sinus rhythm.
Conduction Block Caused by Biphasic Waveforms
With a 10% Second Phase (Part II) Tables 4 and 5 summarize the potential gradients and current densities that were the best discriminators between conduction and block for 5-msec monophasic waveforms and biphasic waveforms with 98  91  67  93  92  2  59  98  96  73  98  98  3  64  97  98  70  98  99  4  72  100  95  82  98  98  5  62  97  97  69  98  97  6  62  98  91  67  93  92  Mean  64  98  95  71*  96  96  SD  4  1  3  5  3  3 The potential gradients represent the best threshold value for discriminating between conduction and block for the first postshock cycle in each dog (see text). *p<0.003 compared with monophasic waveform.
the leading edge of the second phase equal to a positive 10% and a negative 10% of the leading edge of the first phase. The discriminant value was significantly higher for the biphasic waveform with a negative 10% second phase than for the other two waveforms. Table 6 shows the potential gradients for various times of recovery from block after the shock. Again, the biphasic waveform with a 10% negative second phase recovered earlier for a given potential gradient than did the biphasic waveform with a 10% positive second phase or a 5 -msec monophasic waveform.
Discussion
High-energy shocks can cause tachyarrhythmias 13,15-20 fibrillation, 13-15,17,19,24 atrioventricular block, 15-18,21,23-25 bradycardia,13"18'21,24 ST-T changes,16'18 and mechanical dysfunction.9"11'42 While the shock strength that causes some of these effects has been determined for clusters of isolated chick The current densities represent the best threshold value for discriminating between conduction and block for the first postshock cycle in each dog (see text). *p <0.004 compared with monophasic waveforms. paced rhythm (panel B) . The numbers refer to local activation times in milliseconds, referenced to the beginning of the stimulus. The interval between isochronal lines is 10 msec. P, pacing electrode; *, electrodes for which no activation was observed, so that conduction was considered to be blocked. embryo cells in a tissue bath,4-843 the shock field strength that causes each of these types of injury in the intact heart is not known. The present experiments were performed to determine whether conduction block occurs in myocardial regions of high current density created by defibrillation shocks, and, if so, the duration of block and the shock field strength that causes it for different types of wave-forms. Recording activations continuously before and after the shock as well as the potential distribution during the shock in the heart in situ permitted us to achieve these goals. The shocks caused temporary conduction block in the area where the potential gradient exceeded 64 V/cm and the current density exceeded 302 mA/cm2 for a 10-msec monophasic waveform. The severity of the block was less for biphasic waveforms with the second phase opposite in polarity to the first. Most shock electric field distributions in the heart during internal defibrillation are highly uneven with potential gradients adjacent to cardiac defibrillation electrodes over 20 times stronger than at ventricular regions distant from these electrodes.2,44 Typical monophasic waveforms require a potential gradient of approximately 6 V/cm throughout the myocardium to defibrillate.2,3,45 To achieve this gradient distant from the defibrillation electrodes, a gradient of over 120 V/cm must be created near the electrodes. The results of this study suggest that such high gradients can cause conduction block lasting tens of seconds (Table 3) .
To denote the range of stimulus strengths that can be safely given, Jones et al5-7 and Negovsky et a117 have proposed the concept of a safety factor or therapeutic index, which is the ratio between the stimulus intensity producing dysfunction to that producing cellular excitation or defibrillation. The concept of safety factor can be extended to compare the safety and efficacy of different waveforms by taking the ratio of the field strength causing an undesired effect such as conduction block to the field strength necessary for defibrillation. According to our results, the safety factor for defibrillation with a 10-msec truncated exponential monophasic waveform with approximately 75% tilt is about 10:1 (60 V/cm divided by 6 V/cm). Thus, to defibrillate, cardiac defibrillation electrode configurations with a ratio of high to low potential gradients of 20:1 must exceed the safety factor for this monophasic waveform.
Conduction block caused by the shock field may have several deleterious effects. Because the region is 3  66  97  95  63  96  96  73  100  100  4  76  94  97  77  98  100  80  98  100  5  81  100  100  78  100  100  97  94  100  6  70  94  96  69  94  100  84  96  95  Mean  73  94  97  72  96  98  83*  97  98  SD  6  4  2  7  3  3  9  3  3 The potential gradients represent the best threshold value for discriminating between conduction and block in each dog (see text). *p<0.0005 compared with monophasic and biphasic 10% positive waveforms. 91  94  365  87  95  393  92  93  2  353  100  93  329  98  97  353  91   95   3  314  84  86  280  84  92  367  94  86  4  398  98  90  384  92  93  418  96  96  5  461  100  100  461  100  94  562  97  100  6  402  94  89  371  89  93  456  95  96  Mean  385  95  92  365  92  94  425*  94  94  SD  50  6  5  60  6  2  77  2  5 The current densities represent the best threshold value for discriminating between conduction and block in each dog (see text).
*p<0.01 compared with monophasic and biphasic 10% positive waveforms. not capable of propagating activation, it is probably not capable of muscular contraction. Thus, wall motion should be impaired in these regions. If the shock field is sufficiently great at the atrioventricular node or His bundle, as might occur with transthoracic defibrillation, then temporary complete heart block could occur. Defibrillation shocks can themselves generate new activation fronts that either reinduce fibrillation444647 or stop spontaneously after a few cycles, so-called type B defibrillation.46 In both cases, these activation fronts arise from the low gradient region. It is possible that these activation fronts arise from the low gradient region for only a limited number of cycles. If reentry circuits form in other cardiac regions before these fronts die out, fibrillation may be reinduced; otherwise, type B defibrillation may occur. Areas of conduction block in the high gradient region may be the site of origin of these reentry circuits; activation fronts arising in the low gradient regions could interact with the recovering blocked tissue in the high gradient regions to form a reentrant pathway. This idea is highly speculative and requires experimental verification before acceptance.
Besides causing block that may lead to reentry when encountered by activation fronts arising in the low gradient regions, high shock fields can be the primary source of activation fronts ( Figure 14 ) that may give rise to idioventricular rhythms after the shock and perhaps even reinduce fibrillation. Spontaneous ventricular activations occurred after 39% of the shocks and were more common after larger shocks. These spontaneous activations largely disappear within 5 seconds after the shock and appear to arise near or at the border of the region of conduction block (Figure 14) . Spontaneous postshock activation in cultured myocardial cells was also reported by Jones et al. 4 At higher shock field strengths than achieved in this study, frank necrosis presumably occurs. 10, 48, 50 Our finding that strong shock fields cause conduction block is consistent with the observations of several investigators. Jones et al46-8 reported that potential gradients of 80-100 V/cm or more caused prolonged depolarization of the cell membrane accompanied by contraction arrest in cultured embryonic myocardial cells. Moore et a151 reported The time interval after the shock by which conduction returned was determined for each recording point in which block was present for the first postshock activation. that shocks of 2 J or more caused the membrane potential to "hang up" at a value close to 0 mV in Purkinje fibers in a small piece of perfused tissue. It took tens of seconds for the membrane to repolarize to its resting potential and resume the ability to undergo a propagated, all-or-none, action potential. Decreases in resting membrane potential, in action potential amplitude, and in dV/dt have been documented after strong shocks from point sources27 or parallel plate electrodes26 in tissue preparations. These electrophysiological abnormalities may be responsible for the conduction block we observed.
The mechanism for the prolonged depolarization that probably causes conduction block has been reported by Jones et a143 to be transient microlesion formation in the cell membrane. They hypothesized that these microlesions were caused by compression of the membrane by the electric field, and that indiscriminate ion exchanges through these microlesions cause prolonged depolarization.8 '43 For biphasic waveforms in which the second phase was smaller and opposite in polarity to the first, we found that conduction block was less and recovery from block was faster than for comparable monophasic waveforms creating the same level shock field. Biphasic waveforms (5-5 msec) with the leading edge voltage of the second phase approximately 75% of the first phase leading edge voltage exhibit less block than 10-msec monophasic waveforms (Tables  1-3) , and biphasic waveforms (5-5 msec) with the second phase 10% of the first phase exhibit less block than 5-msec monophasic waveforms (Tables 4-6 ). The polarity of the second phase is critical for this effect, because the biphasic waveform with the second phase of the same polarity as the first produced slightly more block than did the monophasic waveform (Tables 4-6 ). Our results support the observations of Jones et al who reported that, for a given strength shock, spontaneous beating in the chick embryonic cultured cell model was inhibited for less time with a biphasic waveform in which the second phase was opposite in polarity and 10% in amplitude of the first than for a monophasic waveform which was equal in size and duration to the first phase of the biphasic waveform.8 To explain this shorter recovery time for biphasic waveforms, Jones and Jones78 hypothesized that the opposite polarity of the second phase reorients the phospholipid in the cell membrane more rapidly than does a monophasic waveform, thus decreasing the time that microlesions are open and that indiscriminate exchange of ions can occur.
At a specific shock intensity, some biphasic waveforms with the second phase opposite to the first have a higher defibrillation efficacy than do comparable monophasic waveforms. 19,24,25,30'38 Less conduction block may be one cause for the increased defibrillation efficacy of biphasic waveforms; the smaller region of block for the biphasic waveform may be less likely to induce secondary reentrant pathways when encountered by activation fronts arising in the low gradient areas immediately after the shock. Two facts indicate, however, that decreased conduction block for a given level of shock is not the only factor responsible for the increased defibrillation efficacy of biphasic waveforms. First, the biphasic waveform with the second phase only 10% the amplitude of the first phase caused less conduction block than the biphasic waveform with the second phase 75% of the first phase in agreement with the findings of Jones and Jones,8 yet the results of Schuder et al24'25'52 with other waveforms containing a small second phase suggest that the 10% second phase waveform is less efficacious for defibrillation than waveforms with a larger second phase. Second, the minimum potential gradient required for defibrillation with the biphasic waveform is lower than for an equal duration monophasic waveform, approximately 3 versus 6 V/cm, respectively.53 This finding implies that biphasic waveforms have a salubrious effect in the low gradient regions in addition to causing less block in the high gradient regions. Thus, the biphasic waveform has a greater safety factor than does a comparable monophasic waveform7'8"17; the field strength required for defibrillation is lower, yet the field strength that causes conduction block is higher. The reduction is the minimum potential gradient for defibrillation (approximately 50%) is much larger than the increase in the maximum potential gradient before conduction block occurs (approximately 10%), suggesting that the lowered field strength for defibrillation is the more important reason for the greater defibrillation efficacy of most biphasic waveforms.
In addition to its possible role in decreasing energy requirements for defibrillation, the decreased conduction block caused by the biphasic waveform may also decrease arrhythmias after successful shocks. Ventricular tachycardia is less common after biphasic shocks than after monophasic shocks of the same strength.17'19 Similarly, atrioventricular block and bradycardia are less common after biphasic than after monophasic shocks for transthoracic defibrillation.17'24'25'28 The results of Jones and Jones8 concerning the inhibition of pacemaker activity in chick embryo cells suggest that these arrhythmias may be least common for an opposite phase that is only 10% of the previous phase. This observation, coupled with the observation that an opposite phase that is considerably more than 10% of the previous phase is better for halting fibrillation, has caused Jones and Jones54 to suggest the use of a triphasic waveform for defibrillation, with the second phase optimized for defibrillation efficacy and the third phase optimized for limitation of postshock arrhythmias.
After both monophasic and biphasic shocks, many activation complexes were temporarily lower in amplitude and longer in duration (Figure 10 ). Surprisingly, however, little slowing of conduction was observed. Conduction was either present and of relatively normal velocity or else was absent, that is, blocked, implying that propagation of activation remains fairly normal up to a certain critical level of shock field strength and then deteriorates abruptly when the field is above this value. As illustrated in Figure 3 , the uncertainty in identifying the time of activation was increased for these abnormal electrograms, however, so that some slowing of conduction might have been missed.
